Introduction
============

Esophageal squamous cell carcinoma (ESCC) is one of the most common and fatal malignancies in China and is considered as an aggressive cancer due to its poor prognosis and high mortality rate with a 5-year survival rate of only about 20%.[@b1-ott-12-471],[@b2-ott-12-471] Although important progress in drug development has been made, there are still few drugs that have long-term benefits for the treatment of ESCC,[@b3-ott-12-471],[@b4-ott-12-471] which suggests that it is urgent to identify new drugs to improve systemic therapy for ESCC patients. One possible strategy is to screen the Food and Drug Administration (FDA)-approved drugs for targeting essential pathways in ESCC cells, such as the NF-κB signaling pathway.[@b5-ott-12-471],[@b6-ott-12-471]

The nuclear factor kappa B (NF-κB) system is involved in many diseases, including malignancies, diseases of immune system, metabolic diseases, and so on.[@b7-ott-12-471] The NF-κB system consists of five structurally related monomeric subunits: RelA (p65), RelB, p50/NF-κB1 (p105), p52/NF-κB2 (p100), and c-Rel.[@b8-ott-12-471] Among these, the p65/p50 complex is the most common active heterodimer.[@b9-ott-12-471] In normal status, the p65/p50 complex stays inactive because of binding with IκBα in the cytoplasm. Some cytokines such as tumor necrosis factor α (TNFα) and interleukin-6 (IL-6) can activate IκBα kinases (IKKs), and IKKs further phosphorylate IκBα and promote its ubiquitination for degradation through the proteasomal pathway, resulting in nuclear translocation and promoting transactivation of NF-κB.[@b10-ott-12-471] Not unexpectedly, it has been reported that NF-κB signaling is hyperactivated in many tumors, including ESCC.[@b11-ott-12-471] In tumor cells, the activation of NF-κB signaling mediates cell growth, cell proliferation, cell survival, and cell invasion.[@b10-ott-12-471]

Studies have reported that NF-κB signaling is overactivated in ESCC cells and primary tumor tissues, and its inhibition leads to decreased cell growth and cell proliferation.[@b11-ott-12-471] In addition, overactivation of NF-κB signaling could decrease drug sensitivity of chemotherapeutics in tumors.[@b5-ott-12-471] Thus, targeting NF-κB signaling has been an actively sought-after strategy for novel anti-tumor drug discovery, and a number of specific inhibitors have been reported for further clinical studies. In our previous study, flubendazole, an effective anthelmintic drug, was screened out to potentially inhibit NF-κB signaling by screening a library of FDA-approved drugs with an NF-κB-driven luciferase reporter. Thus, in this study, we focused on investigating the function of flubendazole as a novel NF-κB inhibitor in ESCC cells. And we found that the anthelmintic drug flubendazole showed potent anti-ESCC activity by suppressing NF-κB signaling, which indicated that flubendazole could be potentially repurposed as a chemotherapeutic drug for the treatment of ESCC.

Materials and methods
=====================

Cells, culture, and chemicals
-----------------------------

ESCC cell lines including EC1, EC9706, KYSE70, KYSE140, KYSE450, TE1, and TE13 were provided by the Department of Pathophysiology, School of Basic Medicine, Zhengzhou University, China.[@b12-ott-12-471] The use of the cell lines was approved by the Institutional Review Board and Ethical Committee of the Affiliated Huai'an No 1 People's Hospital of Nanjing Medical University. HEK293 cell line was purchased from American Type Culture Collection (Manassas, VA, USA). All ESCC cell lines were cultured in RPMI-1640 medium. HEK293 cells were cultured in DMEM. All media were supplemented with 10% fetal bovine serum, 100 units/mL streptomycin, and 100 µg/mL penicillin. Flubendazole and doxorubicin were purchased from Sigma-Aldrich (St Louis, MO, USA).

Cell viability
--------------

Viable cells of ESCC were analyzed by Cell Counting Kit-8 (CCK-8) assay according to the manufacturer's instructions (Dojindo, Kumamoto, Japan) as described previously.[@b5-ott-12-471]

Cell apoptosis analysis
-----------------------

EC9706 and TE1 cells were treated with flubendazole for 24 hours, and then cells were prepared for Annexin V-FITC and PI stainings for 10 minutes. Then, stained cells were analyzed on a flow cytometer (Attune^®^ NxT; Life Technology, Waltham, MA, USA) as described previously.[@b13-ott-12-471]

Immunoblotting
--------------

Immunoblotting was performed as described previously.[@b14-ott-12-471],[@b15-ott-12-471] Whole cell lysates were extracted and equal amounts of total proteins were subjected to SDS-PAGE separation, followed by immunoblotting with specific antibodies. The primary antibodies PARP, Bcl-2, Bim, phospho-NF-κB p65 (p-p65) (Ser536), NF-κB p65, phospho-IκBα (p-IκBα) (Ser32), IκBα, phospho-IKKα/β (p-IKK) (Ser176/180), IKKα, IKKβ, and GAPDH were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-Flag antibody was purchased from Medical & Biological Laboratories (Tokyo, Japan). Anti-mouse and anti-rabbit immunoglobulin G (IgG) horseradish peroxidase conjugated antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Luciferase assay
================

EC9706 cells were transfected with NF-κB-Luc or empty vector along with the internal control renilla using Lipofectamine^®^ 2000 (Thermo Fisher Scientific, Waltham, MA, USA) for 24 hours. Then, cells were treated with TNFα or flubendazole for 12 hours, followed by luciferase assay with Dual-Luciferase^®^ Reporter Assay System (Promega Corporation, Fitchburg, WI, USA) according to the manufacturer's instruction.

Plasmid construction and gene transfection
------------------------------------------

The human constitutively activated IKKβ (CA-IKKβ) gene was amplified by PCR and cloned into pcDNA3.1 vector with a Flag tag as previously described.[@b16-ott-12-471] Plasmids were transiently transfected into EC9706 or TE1 cells using Lipofectamine^®^ 2000 (Thermo Fisher Scientific) according to the manufacturer's instruction.

Statistical analysis
--------------------

Student's *t*-test was used for significance analysis in the studies, and all statistical tests were two-sided. Statistical significance was defined as a *P-*value \<0.05.

Results
=======

Flubendazole inhibits cell survival and induces cell apoptosis in ESCC cells
----------------------------------------------------------------------------

To evaluate the effect of flubendazole on ESCC cell survival, a panel of ESCC cell lines were incubated with flubendazole for 24 hours, followed by CCK-8 assay. As shown in [Figure 1A and B](#f1-ott-12-471){ref-type="fig"}, flubendazole significantly inhibited the cell survival of seven ESCC cell lines in a concentration-dependent manner, but had less effect on HEK293 cells than ESCC cells. Among these, the IC50 of flubendazole on EC9706 was about 1.8 µM, and the IC50 of flubendazole on TE1 was about 2.2 µM ([Figure 1B](#f1-ott-12-471){ref-type="fig"}). In the following experiments, EC9706 and TE1 cell lines were prepared for further studies ([Figure 1C](#f1-ott-12-471){ref-type="fig"}).

Apoptosis in cells was further analyzed by flow cytometry. As shown in [Figure 2A](#f2-ott-12-471){ref-type="fig"}, exposing EC9706 and TE1 cells to flubendazole for 24 hours led to a significant increase of Annexin V^+^ population. We then evaluated the status of the caspase substrate, PARP, in these cells by immunoblotting. As shown in [Figure 2B](#f2-ott-12-471){ref-type="fig"}, flubendazole induced the cleavages of PARP in a dose-dependent manner. Further, immunoblotting assay showed that the anti-apoptotic protein Bcl-2 was down-regulated by flubendazole treatment, and the pro-apoptotic protein Bim was upregulated in flubendazole-treated cells ([Figure 2C](#f2-ott-12-471){ref-type="fig"}). These results demonstrated that flubendazole inhibited ESCC cell survival by inducing cell apoptosis.

Flubendazole inhibits NF-κB signaling in ESCC cells
---------------------------------------------------

NF-κB signaling is hyperactivated in ESCC cells and critical for ESCC cell survival.[@b11-ott-12-471],[@b17-ott-12-471],[@b18-ott-12-471] But the expression levels of NF-κB components have hardly been visualized in different ESCC cell lines. Hence, seven ESCC cell lines were collected for immunoblotting against NF-κB p65. As shown in [Figure 3A](#f3-ott-12-471){ref-type="fig"}, NF-κB p65 was universally elevated in all seven ESCC cell lines, and phosphorylated p65 was also highly expressed in six of the seven cell lines examined, which suggested that NF-κB signaling was important for ESCC cells.

To evaluate whether flubendazole inhibited NF-κB signaling in ESCC cells, EC9706 and TE1 cells were treated with increasing concentrations of flubendazole for 24 hours. As shown in [Figure 3B](#f3-ott-12-471){ref-type="fig"}, the phosphorylated levels of p65 were downregulated by flubendazole in a concentration-dependent manner, but the total p65 level was not affected.

It is known that NF-κB p65 is also phosphorylated by stimulants such as TNFα, followed by the activation of NF-κB signaling pathway.[@b10-ott-12-471] Then, to assess whether flubendazole specifically inhibited NF-κB signaling, ESCC cells were starved overnight to decrease constitutive signaling. Noteworthy, TNFα increased the phosphorylated NF-κB p65 in EC9706 and TE1 cells, which was also abolished by the pretreatment with flubendazole ([Figure 3C](#f3-ott-12-471){ref-type="fig"}). Next, a NF-κB responsive element-driven luciferase reporter was constructed to evaluate flubendazole activity. As shown in [Figure 3D](#f3-ott-12-471){ref-type="fig"}, flubendazole suppressed baseline activity of NF-κB-driven luciferase. More impressively, it suppressed TNFα-induced NF-κB activity bŷ50% compared with the control ([Figure 3D](#f3-ott-12-471){ref-type="fig"}).

Flubendazole inhibits IKK activation in ESCC cells
--------------------------------------------------

To understand the mechanisms of inhibiting NF-κB p65 phosphorylation by flubendazole, the expression levels of upstream regulatory molecules, including IκBα, IKKα, and IKKβ, were evaluated in EC9706 and TE1 cells.[@b19-ott-12-471] As shown in [Figure 4A](#f4-ott-12-471){ref-type="fig"}, flubendazole inhibited the phosphorylation of IκBα dose-dependently, accompanied by an increase of total IκBα in both of EC9706 and TE1 cells. Moreover, the phosphorylation levels of IKKs were mostly diminished upon flubendazole treatment, but total IKKα and IKKβ were not affected in EC9706 and TE1 cells ([Figure 4B](#f4-ott-12-471){ref-type="fig"}).

To further evaluate the role of IKK inhibition, a constitutively activated IKKβ (CA-IKKβ) with a Flag tag was constructed.[@b16-ott-12-471] As shown in [Figure 4C and D](#f4-ott-12-471){ref-type="fig"}, when EC9706 and TE1 cells were transfected with CA-IKKβ, flubendazole-induced cell survival inhibition was significantly attenuated, which suggested that IKK was involved in the process. These results demonstrated that blocking IKK activation was important for the inhibitory action of flubendazole on NF-κB signaling in ESCC cells.

Flubendazole enhances the cytotoxicity of doxorubicin in ESCC cells
-------------------------------------------------------------------

Doxorubicin is one of the chemotherapeutic agents used for treating ESCC in clinic,[@b20-ott-12-471],[@b21-ott-12-471] but resistance to this drug has been frequently found in ESCC.[@b22-ott-12-471],[@b23-ott-12-471] A recent study showed that suppressing NF-κB signaling sensitized tumor cells to doxorubicin,[@b5-ott-12-471] which led us to examine whether flubendazole affected the effect of doxorubicin on ESCC cells. As shown in [Figure 5A](#f5-ott-12-471){ref-type="fig"}, doxorubicin or flubendazole alone led to \~30% and \~60% reduction of viability, respectively, in both EC9706 and TE1 cells. When the cells were treated with both drugs simultaneously, the viability reduction increased to \~80% ([Figure 5A](#f5-ott-12-471){ref-type="fig"}). Flubendazole and doxorubicin also acted synergistically to induce PARP cleavages ([Figure 5B](#f5-ott-12-471){ref-type="fig"}), which indicated that flubendazole significantly enhanced the cytotoxic action of doxorubicin on ESCC cells.

Discussion
==========

In this study, the anthelmintic drug flubendazole was found to be a novel NF-κB inhibitor and showed significant anti-tumor activity by suppressing NF-κB signaling in ESCC cells. Interestingly, flubendazole has been reported to exert obvious anti-tumor activity in several tumors. It has been reported that flubendazole showed preclinical activities in leukemia and myeloma by inhibiting microtubule function.[@b24-ott-12-471] In neuroblastoma, flubendazole induced neuroblastoma cell death by triggering cell apoptosis.[@b25-ott-12-471] And in breast cancer, flubendazole overcame trastuzumab resistance by targeting cancer stem-like properties and HER2 signaling in HER2-positive breast cancer.[@b26-ott-12-471] Flubendazole could also inhibit glioma proliferation by G2/M cell cycle arrest and being pro-apoptotic.[@b27-ott-12-471] Also, it has been reported that flubendazole elicited anti-metastatic effects in triple-negative breast cancer via STAT3 inhibition.[@b28-ott-12-471] Thus, flubendazole may be an effective drug for several types of tumors, although the common mechanism responsible for its action in different tumors is not confirmed.

The canonical NF-κB signaling pathway comprises extracellular stimuli, IKK activation, IκBα phosphorylation and degradation, p65/p50 nuclear translocation, NF-κB-DNA binding, and NF-κB transactivation, all of which have been implicated as the targets for NF-κB inhibitors' discovery.[@b29-ott-12-471] In this study, NF-κB was found to be activated in different ESCC cell lines ([Figure 3A](#f3-ott-12-471){ref-type="fig"}), and flubendazole significantly suppressed both the constitutive and TNFα-induced NF-κB p65 activation ([Figure 3B--D](#f3-ott-12-471){ref-type="fig"}). The IKKs are key kinases that phosphorylate both of IκBα and NF-κB p65, and many NF-κB inhibitors, which induce tumor cell apoptosis by suppressing IKK activation, have been identified.[@b30-ott-12-471] Our study showed that, similar to IKK inhibitors, flubendazole also suppressed NF-κB p65 phosphorylation by inhibiting IKK activation ([Figure 4](#f4-ott-12-471){ref-type="fig"}). Although several different mechanisms, such as specifically binding to tubulin,[@b31-ott-12-471] dysregulating cuticle-associated genes' expression,[@b32-ott-12-471] and oxidative damage,[@b33-ott-12-471] have been reported for the anthelmintic action of flubendazole, it is still not clear how flubendazole affects IKK activation.

Moreover, flubendazole-induced ESCC cell survival inhibition was dependent on IKK activation level. As shown in [Figure 4C and D](#f4-ott-12-471){ref-type="fig"}, EC9706 and TE1 cells with CA-IKKβ are resistant to flubendazole compared with cells harboring empty vector. In addition, NF-κB signaling was activated in ESCC cell lines, and flubendazole could significantly suppress NF-κB activation ([Figure 3](#f3-ott-12-471){ref-type="fig"}). These results indicated that NF-κB signaling was required for ESCC cell survival, and some chemicals such as flubendazole could target NF-κB signaling, which could be used for ESCC treatment.

Conclusion
==========

In conclusion, the present study demonstrated that the anthelmintic drug flubendazole exerted its anti-tumor activity by suppressing NF-κB signaling in ESCC cells. This study suggests that flubendazole could be re-purposed for ESCC treatment in the clinic in the future.

This study was supported by the General Project of Science and Technology Development Fund of Nanjing Medical University (Grant No. 2013NJMU225). The authors thank Dr Jerry Xu for his discussion on this project.

**Disclosure**

The authors report no conflicts of interest in this work.

![FBD inhibits cell survival in ESCC cells.\
**Notes:** (**A**) Chemical structure of FBD. (**B**) ESCC cell lines EC1, EC9706, KYSE70, KYSE140, KYSE450, TE1 and TE13, and a human renal epithelial cell line HEK293 were treated with indicated concentrations of FBD for 24 hours, followed by Cell Counting Kit-8 assay. (**C**) EC9706 and TE1 cells were treated with FBD for 24 hours, and then photos were taken by microscopy.\
**Abbreviations:** ESCC, esophageal squamous cell carcinoma; FBD, flubendazole.](ott-12-471Fig1){#f1-ott-12-471}

![FBD induces cell apoptosis in ESCC cells.\
**Notes:** (**A**) EC9706 and TE1 cells were treated with different concentrations of FBD for 24 hours, and then cells were stained with Annexin V-FITC and PI for cell apoptosis analysis on a flow cytometer. (**B**) EC9706 and TE1 cells were treated with increasing concentrations of FBD for 24 hours, and then the cells were prepared for immunoblotting against PARP. GAPDH was used as a loading control. (**C**) EC9706 and TE1 cells were treated with FBD for 24 hours, and then the cells were prepared for immunoblotting against Bcl-2, Bim, and GAPDH.\
**Abbreviations:** ESCC, esophageal squamous cell carcinoma; FBD, flubendazole; NF-κB, nuclear factor kappa B; TNFα, tumor necrosis factor α; Rel, relative; exp, expression.](ott-12-471Fig2){#f2-ott-12-471}

###### 

FBD inhibits NF-κB signaling in ESCC cells.

**Notes:** (**A**) Seven ESCC cell lines were prepared for immunoblotting against p-p65, p65, and GAPDH. (**B**) EC9706 and TE1 cells were treated with increasing concentrations of FBD for 24 hours, and then the cells were prepared for immunoblotting against p-p65 and p65. GAPDH was used as an internal control. (**C**) Following starvation overnight in serum-free medium, EC9706 and TE1 cells were treated with increasing concentrations of FBD for 6 hours, and then stimulated with TNFα (50 ng/mL) for 20 minutes, followed by immunoblotting against p-p65, p65, and GAPDH. (**D**) EC9706 cells were transfected with vector or NF-κB-luc along with the internal control Renilla using Lipofectamine^®^ 2000 for 24 hours, and then the cells were treated with indicated concentrations of FBD for 12 hours. Luciferase activity was then measured followed by stimulation with TNFα or vehicle for 20 minutes. \**P*\<0.05, \*\**P*\<0.01.

**Abbreviations:** ESCC, esophageal squamous cell carcinoma; FBD, flubendazole; NF-κB, nuclear factor kappa B; TNFα, tumor necrosis factor α; Rel, relative; exp, expression.
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![FBD inhibits IKK activation in ESCC cells.\
**Notes:** (**A**) EC9706 and TE1 cells were incubated with increasing concentrations of FBD for 24 hours, followed by immunoblotting against p-IκBα and IκBα. GAPDH was used as an internal control. (**B**) EC9706 and TE1 cells were treated with FBD for 24 hours, and then cells were prepared for immunoblotting against p-IKK, IKKα, IKKβ, and GAPDH. (**C**) EC9706 cells were transfected with CA-IKKβ or empty vector for 24 hours, and then cells were treated with increasing concentrations of FBD for 24 hours, followed by CCK-8 assay. (**D**) TE1 cells were transfected with CA-IKKβ or empty vector for 24 hours, and then the cells were treated with increasing concentrations of FBD for 24 hours, followed by CCK-8 assay. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** ESCC, esophageal squamous cell carcinoma; FBD, flubendazole; IKK, IκBα kinase; EV, Empty vector; Rel, relative; exp, expression.](ott-12-471Fig4){#f4-ott-12-471}

![FBD enhances the cytotoxicity of DOX in ESCC cells.\
**Notes:** (**A**) EC9706 and TE1 cells were treated with 500 nM DOX for 24 hours in the presence or absence of 2 µM FBD, followed by CCK-8 assay. (**B**) EC9706 and TE1 cells were treated with 500 nM DOX for 24 hours in the presence or absence of 2 µM FBD, and then the cells were lysed for immunoblotting against PARP and GAPDH.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; DOX, doxorubicin; ESCC, esophageal squamous cell carcinoma; FBD, flubendazole; Rel, relative; exp, expression.](ott-12-471Fig5){#f5-ott-12-471}
